Abstract: Nanoscale slot waveguides of hyperbolic metamaterials are proposed and demonstrated for achieving large optical field enhancement. The dependence of the enhanced electric field within the air slot on waveguide mode coupling and permittivity tensors of hyperbolic metamaterials is analyzed both numerically and analytically. Optical intensity in the metamaterial slot waveguide can be more than 25 times stronger than that in a conventional silicon slot waveguide, due to tight optical mode confinement enabled by the ultrahigh refractive indices supported in hyperbolic metamaterials. The electric field enhancement effects are also verified with the realistic metal-dielectric multilayer waveguide structure.
materials, metamaterials with artificially engineered unit cells can be carefully designed to achieve this goal [4, 5] . Particularly, hyperbolic metamaterials with extreme anisotropy, in which not all the principal components of the permittivity tensor have the same sign, can support large wave vectors and therefore ultrahigh effective refractive indices, due to the unique spatial dispersion [6] [7] [8] [9] [10] .
In this work, we will present a new type of slot waveguides made of hyperbolic metamaterials with ultrahigh refractive indices, where the optical field within the slot region can be significantly enhanced. The dependences of the electric field enhancement on gap sizes between two coupled waveguides and permittivity tensors of hyperbolic metamaterials are systematically studied with both numerical simulation and theoretical analysis. It is demonstrated that the maximum optical intensity in the slot waveguides of hyperbolic metamaterial can be more than 25 times stronger than that in a silicon slot waveguide, due to the ultrahigh effective refractive indices in hyperbolic metamaterials. The proposed metamaterial slot waveguides with extremely tight photon confinement will be of great importance in the enhancement of light-matter interactions, such as optical trapping [3] , nonlinear optics [11] , optomechanics [12] , and quantum electrodynamics [13] . Fig. 1(a) shows the schematic of the proposed metamaterial slot waveguides. Two identical waveguides with square cross sections (both width w and height h are equal to 80 nm) are closely placed with a nanoscale gap g along the y direction. In each waveguide, the hyperbolic metamaterial is constructed with alternative thin layers of silver (Ag) and germanium (Ge) along the y direction. The multilayer metamaterial can be treated as a homogeneous effective medium and the principle components of the anisotropic permittivity tensor can be determined from the effective medium theory (EMT), [14, 15] properties of silver are described by the Drude model 
where β is the propagation constant of the waveguide mode, ω is the angular frequency corresponding to λ 0 = 1.55 μm, φ is the phase shift of optical field at the middle of each waveguide due to the waveguide coupling effect. The wave vector inside metamaterial k y and the field decay rate in air γ are related to β through the following dispersion relations for hyperbolic metamaterial and air, respectively,
where k 0 is the vacuum wave vector corresponding to λ 0 = 1.55 μm. By applying the continuity conditions of tangential field components E z and H x at the metamaterial-air interface, we obtain the following characteristic equations for metamaterial slot waveguides,
By solving the above equations, all the optical field properties including the propagation constant β can be obtained analytically, which will provide a physical interpretation for the mechanism of optical field enhancement in hyperbolic metamaterial slot waveguides. According to Eq. (3), metamaterial slot waveguides with large effective indices n eff,z have high field decay rates in air γ, indicating that the optical field enhancement will strongly depend on the gap sizes g [as shown in Fig. 2(b) ]. On the other hand, the optical mode profile of the metamaterial slot waveguide is distinguished from the case in a conventional dielectric waveguide, due to the extreme anisotropy of hyperbolic metamaterials. For an uncoupled metamaterial waveguide, where φ becomes zero in the second formula of Eq. (4), a negative ε z in hyperbolic metamaterials implies that k y h/2 ∈[π/2, π], so that there will be zero values for the E y field along the y direction inside an individual waveguide. This property will remain for the two coupled metamaterial waveguides, as noticed in Fig. 2(b) , where positive E y in the slot region is accompanied with negative E y inside both waveguides. In order to take into account this optical mode property of individual metamaterial waveguide and the mode coupling between the two waveguides, here the electric field enhancement factor η is defined as the ratio of the electric fields at the two boundaries of each waveguide, i.e., 
, which is unity for an uncoupled waveguide. As the gap size is getting smaller, E y field is enhanced greatly and η increases, as shown in Fig. 3(b) . An analytical expression for η can be derived using the above theoretical analysis on the 2D coupled slab waveguides, t a n h ( ) cos 1 t a n h ( )
where the approximation directly dominates the electric field discontinuity at the metamaterial slot waveguide interfaces, ε z will also affects the magnitude of electric field at the slot interfaces and therefore the field enhancement.
As a result of the electric field enhancement, optical power flow P slot and averaged optical intensity I slot = P slot /wg inside the slot region can also be enhanced dramatically. In reality, the slot waveguide made of metal-dielectric multilayer metamaterials can be constructed to achieve the optical field enhancement predicted by the previous analysis from the effective medium theory. Fig. 1(a) shows the waveguide based on silver-germanium multilayer structures with a period of 10 nm. Fig. 4 shows the electric field E y profiles along the symmetry line x = 0 for g = 5 nm with two different filling ratios, calculated from the FEM simulation. In the slot region and the exterior surrounding air, the E y profiles calculated from multilayer structures perfectly overlap with the EMT prediction. Inside the multilayer metamaterial waveguide cores, E y field will jump around, due to the coupling of gap plasmons between metal-dielectric interfaces. The spatially homogenized E y , however, is still consistent with the EMT calculation. As shown in Fig. 4(b) , multilayer structures with a larger filling ratio give a stronger E y field on the metal-dielectric interfaces, due to a more tightly confined gap plasmon.
In conclusion, we have presented a new type of slot waveguides made of hyperbolic metamaterials for achieving giant electrical field enhancement in the slot region. A newly defined electric field enhancement factor is used to take the metamaterial waveguide mode profiles and mode coupling properties into account. It is revealed both numerically and analytically that the optical field enhancement critically depends on gap sizes and metamaterial permittivity tensors.
Optical intensity up to 2000 μm 
